Background: Neutron-rich nuclei with protons in the fp shell show an onset of collectivity around N = 40. Spectroscopic information is required to understand the underlying mechanism and to determine the relevant terms of the nucleon-nucleon interaction that are responsible for the evolution of the shell structure in this mass region. Methods: We report on the lifetime measurement of the first 2 + and 4 + states in 70,72,74 Zn and the first 6 + state in 72 Zn using the recoil distance Doppler shift method. The experiment was carried out at the INFN Laboratory of Legnaro with the AGATA demonstrator, first phase of the Advanced Gamma Tracking Array of highly segmented, high-purity germanium detectors coupled to the PRISMA magnetic spectrometer. The excited states of the nuclei of interest were populated in the deep inelastic scattering of a 76 Ge beam impinging on a 238 U target.
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Results:
The maximum of collectivity along the chain of Zn isotopes is observed for 72 Zn at N = 42. An unexpectedly long lifetime of 20 (10) ©2013 American Physical Society
I. INTRODUCTION
The well-known magic numbers observed in spherical nuclei, which are at the basis of the nuclear shell model, were explained by Goeppert-Mayer and Jensen by introducing a spin-orbit term to the one-body nuclear potential [1] [2] [3] . While moving toward the neutron drip line, the quenching of shell gaps and the emerging of new shell closures have been observed. For instance, it has been shown experimentally that the N = 20 gap vanishes [4, 5] , while at the same time a new shell closure appears at N = 16 [6, 7] . Specific terms of the nucleon-nucleon (NN) interaction are proposed to be at the origin of this evolution of the nuclear shell structure. The spin-isospin and tensor proton-neutron terms have been suggested to play a crucial role for the structure in light and medium-mass neutron rich nuclei [8, 9] . More recently, the three-body force was claimed to impact the magic number picture across the nuclear chart [10, 11] .
A very interesting region, presently accessible experimentally and where sudden structural changes occur, is the one around 68 Ni. Here, it is possible to trace the evolution of single-particle states with neutron number by performing spectroscopy of odd-mass nuclei. As an example, the πf 5/2 orbital is found to drop sharply with neutron number in neutron-rich Cu isotopes and cross the πp 3/2 orbital to become the ground state at N = 46 in 75 Cu [12, 13] . The consequences of such orbital migrations for even-even nuclei can be investigated by measuring B(E2) values.
The lifetime of the first 2 + state in an even-even nucleus is, in general, inversely proportional to the reduced transition probability, B(E2; 2 state in 68 Ni, although suggesting at first sight a subshell closure, has been shown to be a local feature arising from the parity change of the νf 5/2 -νg 9/2 orbitals that define the N = 40 gap. Indeed, adding two neutrons to the νg 9/2 orbital, 70 Ni already exhibits a large B(E2) value [14] . Furthermore, recent measurements for 64 Fe and 66 Fe, with two proton holes in the 68 Ni core, found a sudden and strong increase of collectivity when approaching N = 40, which cannot be reproduced by considering only the νf 5/2 pg 9/2 shell-model valence space [15, 16] . Recent shell model calculations using a larger valence space (pf shell for protons and pf 5/2 g 9/2 d 5/2 for neutrons with a 48 Ca core) [17] indicate an important role of the νd 5/2 orbital to describe the onset of collectivity below 68 Ni. Similar conclusions have been drawn from the spectroscopy of neutron-rich Cr isotopes [18, 19] and are supported by recent mass measurements of heavy manganese isotopes [20] . A slightly increasing occupation of the νd 5/2 orbital in Fe isotopes with increasing neutron number is also predicted by beyond mean-field calculations [21] , but remains small. The importance of the νd 5/2 orbit in this mass region still needs further investigation outside the Z = 28 Ni core. In this respect, the evolution of collectivity in zinc isotopes, with two more protons than Ni, should bring valuable information on the filling of the νd 5/2 orbital with an increasing number of neutrons in the vicinity of N = 40. The systematics of B(E2) values for the 74−80 Zn isotopes, extracted from Coulomb excitation experiments with radioactive ion beams [22] , suggests a maximum of collectivity for N = 44. A recent lifetime measurement of the 2 + 1 state in 74 Zn [23] found a lower value than previously published results from Coulomb excitation at both intermediate energy [14] and low energy [22] . In the case of Se and Ge isotopes, a maximum of collectivity is found at N = 42.
While the measurement of B(E2; 2
values is very useful to investigate the evolution of collectivity along isotopic or isotonic chains, more insight into the collective behavior of a given nucleus can be gained from measuring the lifetimes of higher-lying states. The various ratios of B(E2) values between different states are characteristic for different types of rotational or vibrational excitations. The ratio B(E2; 4
, for example, is expected to take the value B 42 = 2.0 for a harmonic vibration and B 42 = 1.43 for a rigid rotation, respectively. Only in case of noncollective nuclei at or near closed shells does one expect the above ratio to be less than unity. Very few cases of collective nuclei with anomalously low B 42 ratio have been identified in the literature [24] , and some of them turned out to be due to flawed measurements [25, 26] .
In this article we report on lifetime measurements of short-lived excited states in 70, 72, 74 Zn using the recoil distance Doppler shift method with the AGATA Demonstrator [27, 28] , the first phase of the European Advanced Gamma Tracking Array based on highly segmented germanium detectors. The experimental setup will be described in Sec. II, details on the data analysis are given in Sec. III, whereas Sec. IV gathers a discussion on the obtained results.
II. EXPERIMENTAL SETUP
Neutron-rich Zn isotopes were produced by multinucleon transfer induced by a 76 Ge 13+ beam impinging onto a 238 U target. The beam was delivered by the LNL Tandem-ALPI accelerator complex at an energy of 577 MeV. The metallic 238 U target of 1.4 mg/cm 2 thickness was evaporated onto a 1.2 mg/cm 2 Ta backing, which was facing the beam at an angle of 45
• . The beam energy at the center of the target was approximately 540 MeV. During the experiment the beam intensity was maintained at 11 enA. The projectile-like reaction products were identified at the focal plane of the magnetic spectrometer PRISMA [29, 30] rotated to the grazing angle of 55
• with respect to the beam axis. PRISMA is composed of a quadrupole and a dipole magnet. The magnetic rigidity of the spectrometer was set to Bρ = 0.86 Tm. The focal plane comprises a row of ten parallel plate avalanche counters (PPAC) [31] and an ionization chamber decomposed in 40 sections (ten rows and four subsections each in the optical axis direction [32] ). The time of flight of the projectile-like residues through the spectrometer was measured on an event-by-event basis between a microchannel plate (MCP) [33] located in front of the quadrupole magnet and the PPAC detectors of the focal plane. This configuration allowed an unambiguous identification of the transmitted residues in atomic number (Z), mass (A), and charge (Q). The gas pressure in the ionization chamber was adjusted at 86 mbar to stop all projectile-like residues in the last subsection of the ionization chamber. The identification of zinc isotopes is illustrated in Fig. 1 . The prompt γ rays emitted in flight by the produced nuclei were detected by the AGATA Demonstrator, which comprised four triple cluster modules positioned at a distance of 18 cm from the target and covering backward angles between 135
• and 175
• . With this setup, the simulated full-absorption efficiency is 2.4% for a γ ray of 600 keV. The digitized signal pulses from the 36-fold segmented germanium detectors were compared to a data base of simulated detector responses using a pulse-shape analysis algorithm [34] to determine the loci of the interactions of the γ rays in the germanium crystals. A position resolution of better than 5 mm FWHM was achieved. The energies of individual γ rays were then found by applying a γ -ray tracking algorithm [35] . The entire data processing was performed on-line, even though digitized traces of segment and core events from the AGATA detectors were kept on disk, and energies and positions of the γ rays were stored in list mode together with a time stamp, which allowed correlating the γ rays observed with the AGATA Demonstrator at the target position with the reaction products identified at the focal plane of PRISMA. The digital treatment of the signals allows high counting rates per crystal compared to analog devices. In the experiment, the average count rate per AGATA crystal was 50 kHz.
Lifetimes were measured using the recoil distance Doppler shift (RDDS) technique. A Nb foil of 4.2 mg/cm 2 thickness was mounted at a short distance downstream from the target in order to slow down the reaction products recoiling from the target. The distance between the stretched target and degrader foils was adjusted and controlled by a so-called plunger device developed at the University of Cologne [36] . Depending on the lifetime of the excited states, the depopulating γ rays are either emitted before or after reaching the degrader foil. If the flight time between the two foils is of the same order as the lifetime of the excited state, two components are observed for each γ ray corresponding to different velocities and hence different Doppler shifts. The distance between the degrader and the target was controlled with an accuracy of better than 1% by the piezoelectric feed-back system of the plunger device. Data were collected for five distances: 100, 200, 500, 1000, and 1900 μm with an average measuring time of 20 hours per distance. With the choice of distances and the given kinematics of the reaction, the experiment was sensitive to lifetimes between approximately 2 and 50 ps. The introduction of the degrader foil did not significantly deteriorate the mass and Z resolution of the PRISMA spectrometer. The average velocities of the Zn ions before and after passing through the degrader were β = 0.10 [30(1) μm/ps] and 0.087, respectively. The velocity vector of the ions after passing through the degrader is determined from the reconstruction of their flight path through the PRISMA spectrometer; the velocity before passing through the degrader was calculated from the energy loss in the foil. To produce the γ -ray spectra a Doppler-shift correction was applied using the measured velocity after the degrader. The component corresponding to γ -ray emission after the degrader appears therefore at the correct transition energy, whereas the component corresponding to γ -ray emission before the degrader has a larger Doppler shift and appears at a lower energy when observed under backward angles. In the following the components emitted before and after the degrader will be labeled as fast (index "f") and slow (index "s"), respectively. The choice of degrader material and thickness resulted in a separation of 7 keV between the fast and slow components for a 600 keV transition.
III. DATA ANALYSIS
The validity of our setup and data analysis was tested by reproducing the well-known lifetime of the 2 + 1 state in 76 Ge, which was strongly populated by inelastic scattering. The measured lifetime obtained in this experiment is 26.6(6) ps to be compared to the reference value of 25.93 (29) ps from the literature [37] . The separation of the fast and slow components of the 2 Fig. 2 for a target-to-degrader distance of 500 μm. The energy resolution is measured to be 3.5 keV FWHM for the slow component at 563 keV. The right part of Fig. 2 shows that a sufficient separation of the components is achieved for all angles covered by the AGATA demonstrator.
The data analysis was focused on excited states in the evenmass isotopes 70, 72, 74 Zn. Mostly states belonging to the yrast band were observed. States up to spin 10 + have been observed in 70 Zn and 72 Zn and up to 6 + in 74 Zn. The γ -ray spectra for 70, 72, 74 Zn are presented in + assignment for this state [42] . A new transition at 1202 keV was observed and assigned as the 6 74 Zn in an earlier study using the multinucleon transfer reaction 238 U( 82 Se, 74 Zn) [43] . It seems therefore safe to assume that the peaks observed in our experiment in coincidence with 74 Zn ions correspond to the yrast sequence up to the 6 + state as indicated in Fig. 3 . Due to the short lifetime of the 6 + state we only observe the fully shifted component of the 6
The lifetime analysis was performed using the RDDS method as described by Dewald et al. [44, 45] . The lifetime 
where v is the velocity of the ions before reaching the degrader foil. The normalization factors for the feeding transitions α k = I k /I i are independent of the target-to-degrader distance x and were taken as the mean value for all distances. In all three isotopes under study no side feeding into the 2 70 Zn and 72 Zn, the intensity ratio was determined from the total spectrum summed over all distances. This integrated intensity ratio allows extracting 
The intensities for the fast and slow components of the transitions were determined by fitting two Gaussians with a constant background to the relevant sections of the γ -ray spectra. The centroids and widths of the Gaussians were allowed to vary within 0.5 and 0.1 keV from their nominal values, respectively, and were then kept constant for all distances. Figure 4 shows the fits for the 2 [50] and the LNPS interaction (e p = 1.31e and e n = 0.46e) [17] , and with calculations using a five-dimensional collective Hamiltonian based on the Gogny D1S interaction [51] . the quality of the fit. As the "zero" distance between the target and degrader is not known exactly and difficult to estimate, a vertical error bar (same value than the other experimental data points) has been added. A value for the lifetime of the respective state is obtained for each distance that lies in the region of sensitivity by using Eq. (1). The right-hand side of 
IV. RESULTS AND DISCUSSION
The lifetimes measured for low-lying excited states in 70 Zn, 72 Zn, and 74 Zn are given in Table I . The quoted errors reflect the statistical uncertainty for the intensities of the fast and slow components of the transitions, the uncertainty of the normalization factors for the intensity of the feeding transitions, and the uncertainty in the fit of the decay curve. The highest precision is reached for 72 Zn, whereas the errors are larger for 70 Zn and 74 Zn due to the weaker population of these isotopes. The B(E2) values extracted from the lifetimes are compared to previously published values and to theoretical calculations in Table I and Fig. 6 and will be discussed in the following.
The systematics of B(E2; 2 valence space ( 56 Ni core, e p = 1.5e, and e n = 1.1e) [50] , the LNPS interaction in the pf g 9/2 d 5/2 valence space ( 48 Ca core, e p = 1.31e, and e n = 0.46e) [17] and with a five-dimensional collective Hamiltonian using the Gogny D1S force [51] . measurement using a fast fragmentation beam found 370 (33) state depends only on the transitional matrix element, it is possible to combine the two measurements in order to obtain information on the diagonal matrix element, which is directly related to the nuclear shape. When combined with the data shown in Fig. 9 of Ref. [22] , the lifetime measured in the present experiment favors an oblate shape for 74 Zn in its 2 74 Zn, on the other hand, is very small. It is much smaller than the one measured for 72 Zn, and there is a significant discrepancy between the B(E2) value from our lifetime measurement and the low-energy Coulomb excitation experiment of Van de Walle et al. [22] .
In order to understand this surprising result and the discrepancy with the Coulomb excitation measurement, we have thoroughly investigated experimental biases that could lead to a longer lifetime for the 4 [50] and LNPS [17] interactions (see text for details) and on a five-dimensional collective Hamiltonian (green line) used with the Gogny D1S force [51] .
unlikely. (ii) The feeding state is only weakly populated, so the transition cannot be separated from the background, but it has a very long lifetime. As discussed earlier, this possibility was included in the error analysis and can hence not explain the long lifetime measured for the 4 + 1 state in 74 Zn. Due to the detection in the PRISMA spectrometer, it is possible to measure the excitation energy of the reaction product on an event-by-event basis, albeit only with limited resolution. In this way it is possible to select events in which the multi-nucleon transfer reaction directly populates states at low excitation energy, and to exclude events where the same states are fed via γ decay from higher-lying states, thereby eliminating the influence of feeding transitions on the lifetime measurement for a low-lying state [52, 53] . We have applied this technique in the case of 72 Zn, where the relatively high level of statistics allows applying such conditions. The suppression of events corresponding to high excitation energies in 72 Zn had no influence on the lifetime extracted for the 4 + 1 state, which suggests that the feeding from higher-lying states is well under control. Unfortunately it was not possible to perform the same analysis for 74 Zn due to the lower level of statistics.
We now compare the transition probabilities obtained for 70, 72, 74 Zn with beyond-mean-field calculations using the Gogny D1S interaction [54, 55] in a five-dimensional collective Hamiltonian (5DCH) formalism that takes into account quadrupole degrees of freedom [51] . This approach has already given satisfactory results regarding the question of the collectivity of N = 40 nuclei [56] . The 5DCH approach consistently overestimates the transition probabilities in the zinc isotopes from N = 32 to N = 50. B(E2; 2 We further compare our results to shell-model calculations using the JUN45 interaction which was developed to reproduce correctly the spectroscopy of nuclei in the pf 5/2 g 9/2 valence space with a 56 Ni core [50] and the LNPS interaction developed for the extended pf 5/2 g 9/2 d 5/2 valence space with a 48 Ca core [17] . In this latter case, calculations have been performed allowing up to ten particles to be excited across N = 40 and Z = 28. It is worth reminding that the extension to a larger valence space than pf 5/2 g 9/2 has been shown to be crucial to reproduce the spectroscopy of N ∼ 40 neutron-rich nuclei in the region of heavy Fe and Cr isotopes [15, 16, 19] . Furthermore, a 56 Ni core has been claimed to be inappropriate in some cases [57] . The effective charges used in the shell model calculations are not the standard e p = 1.5e and e n = 0.5e. In the case of the JUN45 interaction in the fpg model space, we used those suggested in the original paper: e p = 1.5e and e n = 1.1e [50] . For the LNPS interaction in the fpgd space, we adopted those deduced in Ref. [58] , e p = 1.31e and e n = 0.46e, that describe well all data in Cr and Fe isotopes [16, 19] .
Comparisons of the data with the two shell model predictions show a fair agreement for the B(E2; 2 Fig. 7 , the shell model using a pf 5/2 g 9/2 valence space and a 56 Ni core overestimates the excitation energies of the first excited 2 + 1 and 4 + 1 states from N = 40, while the shell model predictions using the LNPS interaction and an extended valence space reproduce very well the first 2 + and 4 + excitation energies over the whole isotopic chain (which was already seen in [60] ).
Today, no firm conclusion can be raised to understand the discrepancies between the predicted B(E2; 4 It is interesting to note that shell model calculations with the LNPS interaction predict prolate deformation for both 2 + and 4 + states in the three Zn isotopes, but these states do not belong to a rotational band. Along the isotopic chain, it is observed that for the first excited states the occupation of neutrons in the g 9/2 and d 5/2 orbits increases abruptly when passing from N = 38 to N = 40.
Furthermore, the B(E2) systematics for 72 Zn from the 2 + state. On the other hand, calculations with the LNPS interaction reproduce quite well the energy of the states and predicts a decrease of the B(E2) value, but much slower that the data. The 5DCH approach does not describe this behavior but instead a steep increase of the B(E2) values with increasing spin, another indirect indication that long-range correlations alone may not be sufficient to describe the low-lying structure of these neutron-rich zinc nuclei.
Finally, for collective excitations, the ratio B 42 = B(E2; 4 ) is expected to be larger than 1: in the harmonic oscillator model it is equal to 2, whereas in the rotor model it is equal to 1.43. A systematics of this ratio for medium mass nuclei with N from 20 to 50 is shown in Fig. 8 . This plot can be seen as complementary to the one for heavier nuclei published in [24] . Among the available data in this mass region, the zinc isotopes have the lowest B 42 ratio, indicating noncollective excitations. This observation is consistent with their vicinity to the closed shell nickel isotopes. As stated in [24, 61] , the only situation where a B 42 ratio lower than one occurs is when the seniority is a good quantum number. In this situation, the B(E2; 2 The effect of side feeding has been carefully taken into account in the present work. The present study illustrates that lifetime measurements with the RDDS technique using deep inelastic scattering that populates high-excitation-energy states requires sufficient statistics to quantify weak side feeding from off-band states that have a significant impact on the lifetime extraction. Saying so, we conclude that lifetimes in neutron-rich zinc isotopes deserve additional investigations on both experimental and theoretical sides. In particular, the confirmation of the unexpectedly long lifetime of the 4 + 1 state in 74 Zn and the extension of the systematics to more neutron-rich even-even zinc isotopes are called for.
